We recently reported an onenzymatic biomass deconstruction process for producing carbohydrates using homogeneous mixtures of g-valerolactone (GVL) and water as as olvent. Ak ey step in this process is the separation of the GVL from the aqueous phase, enabling GVL recycling and the production of ac oncentrated aqueous carbohydrate solution.I nt his study, we demonstrate that phenolic solvents-sec-butylphenol, nonylphenol, and lignin-derived propylg uaiacol-are effective at separating GVL from the aqueous phase using only small amountso fs olvent (0.5 gp er go ft he originalw ater,G VL, and sugar hydrolysate). Furthermore, using nonylphenol, we produced ah ydrolysate that supported robustg rowth and high yields of ethanol (0.49 gE tOH per gg lucose) at an industrially relevant concentration (50.8 gL À1 EtOH). These resultss uggest that using phenolic solvents could be an interesting solution for separating and/or detoxifying aqueous carbohydrate solutions produced using GVL-based biomass deconstruction processes.
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Lignocellulosic biomass is emerging as ap otentialr enewable feedstock to replace crude oil as as ource of fuels and commodity chemicals. For this reason,t argeted upgrading routes are being sought to convert biomass to these valuablep roducts. In this context, soluble carbohydrates are an attractive intermediate for biomass upgrading. By weight, structuralp olysaccharides typically represent between 60 and 80 wt %o f lignocellulosic biomass.I na ddition, many chemical [1] [2] [3] [4] and biological [5] [6] [7] [8] processes exist for upgrading carbohydrates to fuels and chemicals.
Different strategies exist for deconstructing biomass hemicellulose (a polymer of C 5 sugars; mostly xylose) and cellulose (a polymer of cellobiose, ad imer of glucose) to their soluble counterparts. Concentrated mineral acids such as sulfuric or hydrochloric acid have been used to hydrolyze hemicellulose and cellulose to soluble oligomers almost quantitatively. [9] [10] [11] [12] [13] Recently,atwo-stage process consisting of at hermochemical or pretreatment stage followed by enzymatic hydrolysis has been one of the most prominently researched biomass depolymerization methods. [14] [15] [16] [17] Both of these methods can achieve soluble carbohydrate yields upwards of 90 %a nd produce concentrated solutionso fc arbohydrates (> 100 gL
À1
). [10, 13, 18] Ionic liquids are also attractive solvents for cellulose dissolution and soluble carbohydrate production. [19, 20] Although these processes can be used to produce sugars from biomass,t he cost of producing and/or recovering the enzyme, mineral acid, or solvent still represents as ignificant portion of the final process. [21] [22] [23] For this reason,a lternate systems using significantly less catalyst have also been explored, including dilute acid hydrolysis [24, 25] or hydrothermalb iomass depolymerization. [13, [26] [27] [28] However,a tm ost temperatures (below 510-570 K) and low acid contents( >3%), the rate of sugar degradation and dehydration to furans or other degradation products is of the same order of magnitude as the rate of polysaccharide depolymerization, especially for the cellulose fraction of biomass. [13, 25, 29, 30] Therefore, both pure water and dilute acid systemsr equire impractical high-temperature and short-residence time processes to achieve high yields (e.g.,5 10-670K for minutes to seconds). [24, 27, 29] Organic solvents such as alcohols and ketones have been used during pretreatment to improvet he deconstruction of biomass notably by increasing lignin solubility. [31, 32] However, these processes still require as ubsequent enzymatic hydrolysis step to produce high yields of soluble sugars. Recently,w er eported an alternative nonenzymatic process for depolymerizing biomass using g-valerolactone (GVL) as as olvent. [33] In this process, am ixture containing 80 wt %o rm ore GVL, water and 2% or less H 2 SO 4 was used to recover 70-90 %o fb iomass polysaccharides as soluble sugars and 85-95 %o fi dentifiable products once dehydration products (furfural, 5-(hydroxymethyl)furfural, andl evulinic acid) were included. The production of carbohydrates in the presence of GVL is improved compared to conversion in pure water due to favorable solvent effects on the acid-catalyzed hydrolysis and dehydration kinetics involved in carbohydrate systems. [34, 35] Initial economic modeling of this process revealed that ak ey design variable for making the process economically feasible is the successful separation and recycling of the GVL solvent. [33] As uccessful separation wasa chieved by addition of liquid CO 2 ,w hichf orms aC O 2 -expanded GVL phaset hat, unlike pure GVL, is no longer soluble with water.T his addition of CO 2 concentrates the sugars 4-5 fold in the aqueous phase using al ow-energy GVL separation and reuse process. However,t he high pressures (> 5MPa) involved in the CO 2 separation process can lead to safety issues and increased equipment and energy costs, which led us to explore alternative separation solutions.
Here, we demonstrate that phenolic solvents such as sec-butylphenol (SBP), nonylphenol (NP), or propyl guaiacol (PG, apotential derivativeo fl ignin) [36, 37] can be effective phase modifiers to render the GVL phase insoluble with water while avoiding the pressures associated with liquid CO 2 .T hese solvents lead to improved separation efficiencies, highers ugar concentrations, and, in the case of separation with nonylphenol, ah ydrolysate with reduced toxicity for fermentative organisms even compared with the hydrolysate produced using CO 2 .
To further explore the separation between GVL and aqueous sugar solutions that we produced from biomass,d ifferent organic solvents were screened for their abilities to form aG VLorganic phase insoluble in the aqueous solution. Several solvents including alkylphenols such as NP,S BP,o rtert-butylphenol (TBP) formed such ap hase.W ea lso tested PG, ap otential product of lignin hydrogenolysis, [36, 37] which successfully formed similarp hases.W et hen explored the effect of increasing the solventc ontento nt he effective recovery of sugars (monomers and oligomers) produced from corn stover in the aqueous phasea nd on the removal of GVL from said aqueous phase ( Figure 1 ). We performed similar experimentsu sing CO 2 for comparison purposes. Carbohydrater ecovery of both C 5 and C 6 sugars( monomers and oligomers) is maximized when an amount of NP ( Figure 1A ), PG ( Figure 1B ), or SBP (Figure 1C )c orresponding to 50 %o ft he original water,G VL, and sugar solutioni sa dded. This maximum is the result of two competing effects:( 1) the increasing amount of organic phase, which increases the total quantity of sugars extracted in that phase;a nd (2) the increasing partition of the sugars to the aqueous phase as more solvent is added (Table S1 in the Supporting Information), which decreases the concentration of sugars in the organic phase. The increasing partitiono fC 5 and C 6 sugarsi nto the aqueous phase occurs as the organic phase transitions from containing mostly GVL to containing mostly the added organic solvent. The increase in sugar partition to the aqueous phase is likely due to the fact that sugars are somewhat soluble in GVL but almost completely insoluble in the phenolic solvents we are using. In contrastt ot hese maximai ns ugar recovery,w es ee that sugar recovery remains relativelyc onstant as more solvent is added when TBP (Figure 1D )o rC O 2 ( Figure 1F )a re used as solvents. The aforementioned variations in partition coefficients are less pronounced for GVL itself (Table S1) , and therefore, am uch more monotonic decrease in GVL concentration is observed with increased addition of externalsolvent (Figure 1) .
To increaset he total extracted GVL andf urtherr educe its concentration in the aqueous phase, we studied subsequent extractionsu sing each of these organic solvents. In theses tudies, afirst extraction using an amount of externalsolvent corresponding to 50 %o ft he weight of the extracted solution was used in combination with as econd, third, and fourth subsequent extraction using an amount of external solvent corresponding to 25 %o ft he weight of the extracted solution (Figure 2A-C) . We did not test subsequent extractions using TBP because its ability to extract GVL from the aqueous phase was limited compared to the others olvents ( Figure 1D and Ta ble S1). The efficiency of GVL removal increased according to the GVL partition coefficient observed during the first extractions (Figure 2) . Therefore, after four extractions, the GVL content in the aqueous phase was the lowest (under 0.5 wt %) when SBP was used as the extraction solvent, which showed partitionc oefficients as higha s6 .4 (Table S1, Figure 2C ). The aqueous phases extracted with NP and PG contained 1.7 and 1.6 wt %G VL, respectively,a fter four subsequente xtractions. This observation reflects the fact that these two solvents had lower GVL partition coefficients than SBP.T he final GVL concentration in the aqueous phase was 0.5 wt %a fter four subsequent extractions using CO 2 ( Figure 2D ). Given the greater amount of CO 2 used compared to the othero rganic solvents, this behavior indicates that CO 2 shows reduced extraction efficiency compared to the other organic solvents.
The removal of as ignificant portion of the GVL after the first extraction led to a5 -6-foldi ncrease in the sugar concentration in the resulting aqueous phase compared to the initial mixture ( Figure 2E ). After this first extraction, oligomers were hydrolyzed to form more easily metabolized monomersb ya dding 0.025 mol L À1 H 2 SO 4 to the aqueous phase. H 2 SO 4 was used to compensate for the neutralization of the initial acid by the biomass. The entire solution was heated to 410 Kf or 100 min. Typical monomer yields were9 0AE5%.T his range of resultsi s typical for oligomer hydrolysis and is due to variouss ourceso f uncertainty including the capacity of biomass to neutralize acidity capacity,t he fractiono fo ligomers, and the partitioning of oligomers versus monomers during the initial extraction. After the four extractions, the total concentration of sugars (C 5 + C 6 sugars) furtheri ncreased to 9.9, 11.4, 10.6, and 7.8 wt % for NP,P G, SBP,a nd CO 2 respectively ( Figure 2E ). Despite this difference in sugar concentrations, sugar recovery in the aqueous phase was remarkably high (> 96 %) for all solvents following the initial extraction. In addition to theser esults, we tested the extraction procedure using NP and CO 2 on am ore concentrated biomass feed that we are able to produce using at wostep nonenzymatic hydrolysis process. [33] We observed higher separation efficiencies (by 7-10 %) due to the solubility of sugar in the organic phase remaining constant despite an increase in the total amount of sugars.T his resulted in increased final carbohydrate concentrationso f1 5.3 and 12.7 wt %f or NP and CO 2 extraction, respectively.
All resulting monomer solutionsd iscussed above were tested for their potentiali nb iological upgrading by diluting them with minimal media and inoculating them with S. cervisiae PE2, which is ag lucose-fermentingi ndustrial strain (Table 1) . Initial aeration of the yeast strain was accomplished by as ingle injection of air. [33] SBP-and PG-extracted solutions only supported growth after considerable dilutions (Table 1 ). Although we were not able to detect anyo ft he two solvents in the hydrolysate using GC, trace amounts were likely present and led to toxicity for microorganisms. As we previously reported, the CO 2 -extracted aqueous sugar solution was able to support robust microbial growth once it was diluted to 75 %o f its original solution, producing glucose-to-ethanol yields corresponding to 87 %o ft heoretical yield. [33] In this study,b yu sing
www.chemsuschem.org larger vials and fermentation volumes, we were able to better control the initial amount of oxygen that was injected into the reactor,increasing our glucose-to-ethanol yields to 96 %oft heoreticaly ield ( Figure S1 andT able1). Our final ethanolc oncentration reached 34.7 gp er kg glucose. Although we did not use an organism that metabolizes xylose, conversion of xylose ( E) Evolution of concentration with subsequent extractions with "140 8C, 100 min" designating the step of hydrolyzing oligomers to monomers after the first extraction. Extractionresults from hydrolysates produced using the single-stage depolymerization process are shown to the left of the dashed line, whereas results from hydrolysates produced using the two-stage depolymerization process are shown to the right of the dashed line. The data presented on (E) is also given in Ta ble S2 (Supporting Information). and other C 5 sugars is essential as they represent as ignificant portion of biomass's structuralc arbohydrates and 35-45 wt % of the sugars we produce. Nevertheless, efficient co-utilization of xylose and glucosew as demonstrated in several studies using other mutant S. cerevisiae strains. [5, 38, 39] If we assumet hat ethanol can be produced at similary ields to those obtained from glucose, our potential ethanol concentration would be 56 gkg À1 . In the case of NP extraction, we observed robust growth using 90 %d iluted hydrolysate (Table 1 ). This dilution was the minimum required dilution for us to add as alts supplement solution to the hydrolysate. Therefore, it is possible that NP-extracted hydrolysate could have supported growth without dilution. We observed this growth after a9 0% dilutionw hen using both the hydrolysate produced by means of the single or the two-stage depolymerization process. Hydrolysate detoxification during fermentation using organic solvents has been previously demonstrated in butanol fermentation where continuouse xtraction during fermentation was performed to avoid product inhibition. [40] Interestingly,N Pw as found to be toxic to Clostridium acetobutylicum.H owever,s everal yeasts have demonstrated tolerance to NP and even the ability to degrade it. [41] As discussed above, the aqueous carbohydrate solution produced using NP extraction had ah igher initial carbohydrate concentration than the CO 2 phase. This higher concentration, combined with the lower dilution and afermentation yield corresponding to 96 %o ft heoretical yield led to ethanol concentrationsr eaching 50.8 gp er kg glucosea lone. Again, if one assumes that xylose could be converted to ethanol at similar yields, this could lead to ethanol concentrationsc lose to 81 gkg À1 .C onsidering that typicali ndustrial scenarios include target ethanol titers around 50 gkg À1 (5 wt %) to maintain reasonable separation costs,o ur potential ethanolc oncentration is consistent with that required for industrial ethanol production. [42, 43] In conclusion, alkylphenols are attractive solvents to separate g-valerolactone (GVL) and water after depolymerization of biomass and recover ac oncentrated aqueous phase of carbohydrates.N onylphenol is especially well suited to producing hydrolysates that are compatible with biological upgrading and require almostn od ilution for robust microbial growth to occur.T he obtained and potential ethanol concentrations that we reported for the conversion of NP-extracted hydrolyzates (50.8 and 81 gkg À1 )a re in the range of the highest ethanol concentrations obtained using enzymatic processes. [44, 45] Phenolic solvents can provide am ore effective separation, require lower pressure, andc an be used to avoid significant mechanical energy for repressurization compared to CO 2 .H owever, theses olvents must then be separated from GVL by distillation. Although such as tep is often energy intensive, past simulation studies using alkylphenol solvents have shown that GVL's low heat of vaporization along with solvent design and high GVL concentrationsc an make this process energetically feasible. [46] However,c areful heat integration and process design will likely be necessary if these solvents are to be used in an industrial extraction process. Table 1 . Fermentation results for corn stover-derived hydrolysate produced using various extraction solvents. Minimal dilution for growth designates the minimal dilution for which growth was observed. In the case of CO 2 and NP,boththe hydrolysate from the two-stage (high-concentration) and single-stage (low-concentration) depolymerization processes were tested for fermentative growth. [a] Refers to the glucose concentrationi nt he corn stover-derived hydrolysate after the dilution with minimal media, but before fermentation.
[b] Concentration profiles over the course of fermentation for thisd ata are given in Figure S1 . www.chemsuschem.org
